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ABSTRACT
Brillouin scattering technique is used to investigate the

transverse acoustic phonon in (KBr) (KCN)X alloy as a function of

1-x
temperature for CN~ concentration ranging from 0.20 to 0.50.
Anomalies in phonon frequency and linewidth are observed and dis-
cussed in terms of coupling of the acoustic phonons with orientational
motion of CN~ ions based on a dynamic microscopic model suggested by
Michel et al. The frequency and concentration dependence of the
freezing temperature, which marks the formation of an orientational
glass state, is examined.

A nigh resolution tandem Fabry-Perot interferometer yields
the first evidence of a complex spectrum which consists of the
phonon peak and new equal-spaced modes. The Bayesian deconvolution
technique is used to extract the spectra. The concentration, time
and temperature dependence of these new modes are presented. It
is proposed that they arise from the modification of the tunneling
levels of the CN, and appear to have the uniform density of states

which is the characteristic property of the glass.
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CHAPTER 1
INTRODUCTION
Amorphous solids have been studied for a long time. The
most surprising property of such materials is due to their universal
features at low temperatures. An example is given for liquids which
form glasses and crystals with high concentration of magnetic impurities.
They are quite different systems. When the temperature decreased,
the former will freeze into the disordered state without long range
positional order and the latter enter into the spin-glass state with
no long range orientational order. At Tow temperatures, however,
they both show similar anomalous behavior 1in thermal properties,
i.e., a specific heat roughly linear in temperature T and a thermal

conductivity roughly proportional to T2.

A phenomenological model proposed by Anderson et a].[]’27]
suggested that the universality in glasses arises from a statistical
distribution of localized two-level state (TLS). However, there is
no satisfactory theory to explain the physical origin of such tunneling
states. This disadvantage has hindered the detailed understanding of
amorphous solids.

Recently another unusual type of disordered system, .
(KBr)]_X(KCN)X with X ranging from 0.1 to 0.56, has attracted a great
deal of attention. It exhibits low temperature thermal properties

similar to those found in glasses. Since the disorder present can be

adjusted by doping with different amounts of CN~ ions, one may expect



that a detailed study of this system will result in understanding the
microscopic structure and the Tow level excitations in glasses.

A wide variety of experimental techniques have been used to
investigate (KBr)]_X(KCN)X mixed crystals. These include: low-

temperature specific heat and thermal conductivity[8’24]

[31,37]

, light
scattering , inelastic neutron scattering[8’18’29], dielectric

[3,4,19,20]

response measurements etc. Theoretical models for (kBr)]_X

(kCN)X have been proposed by several authors[g’]B’]6’22’23’32].

The CN™ ion has a small electric dipole moment (p=0.07 eK)
and an elastic dipole due to its ellipsoidal shape (major and minor
semi-axes ~2.15 K and 1.78 K respective]y)[]3] which will be discussed
in chapter 2. The interaction between electric dipoles is weak
compared to the elastic dipole interaction[25].

Due to the CN™ ion having the same average size as the
spherical Br  ion, it can replace Br ion at random over the entire
concentration range from x=0 to x=1. The phase diagram covering the
entire concentration is illustrated in Fig. 1.1 which reveals four
different regimes: (1) pure KCN with x=1, (2) the high concentration
range with 0.56 < x < 1.0, (3) the intermediate concentration range
with 0.1 £ x £ 0.56, and (4) the dilute range with x < 0.1.

Pure KCN crystals undergo a first order transition from a
cubic structure with the CN™ ions randomly distributed along <111>
directions to a monoclinic structure with CN” ions aligned along one

of the <110> directions at 168°K. That is, below 168K, the CN™ ions

are locked into a ferroelastic phase in which cyanides may align



Fig.

1

L

Phase diagram for (KBr) (KCN)X. The "X" line denotes the

1-x
transitions between disordered and orientational glass phase

which depends on probe frequency. The dashed line indicates

unknown extent of the antiferroelectric phase after Moy et
a].[24]
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themselves in either CN or NC order. When the temperature reaches
83K, pure KCN will become antiferroelectrically ordered due to the CN,
NC degeneracy being Tifted by the electric dipole interaction.

The first order transition temperature will decrease on
substituting Br~ ions in the KCN lattice until a critical CN~ concen-
tration (XC=0.57) is reached. Below X.» MO structural phase transitions
have been observed. But the crystals will freeze in an orientational
glass state analogous to the spin-glass in magnetic systems with
decreasing temperatures. The beginning of the frozen state is marked

by the freezing temperature T We will see latter that Tf is

£
dependent on the frequéncy of the probe.

The formation of an orientational glass state due to the
interaction among CN~ dipoles is suggested: In the dilute case, the
distance between CN™ dipoles is very large and the interaction can be
neglected. The CN™ rotors align along <111>-axes in the octahedral
crystal field of kBr. The ground state of the CN™ ijon is eight fold
degenerate which will be partially lifted by quantum mechanical
tunneling. When the CN concentration increases, the interaction
among CN~ dipoles becomes stronger. The 1nifia] tunneling energy
‘levels may be severely modified so that the broad energy spectrum
of two level state occurs, which is the characteristic property of
the glass.

The present work investigates the glass-like properties in
(KBr)]_X(KCN)X with 0.20 < x < 0.50 by the Brillouin scattering
technique. The transverse acoustic phonon frequency and linewidth

were measured and they both showed anomalies i.e. phonon frequency



has a minimum value and phonon linewidth reaches a maximum value at
the freezing temperature which marks the formation of an orientational
state. The experimental data are compared with the theoretical
calculation of Michel et a].[22] The results show that the theory

is qualitatively right but quantitatively wrong. The data were also
used to compare with other values of the freezing temperature obtained
by different frequency probes.

With a high resolution tandem multi-pass Fabry-Perot inter-
ferometer, we observed the complex spectrum which consists of the
phonon peak and equal-spaced new modes for the first time. These
new modes were examined as a function of time, concentration and
temperature. A possible explanation is presented which suggests the
new modes arise from the modification of the tunneling states in
(KBr)]_x(KCN)X.

Chapter 2 is concerned with background theory which
discusses the dynamic microscopic model of KBr:KCN system and the
translation-rotation coupling proposed by Michel et a1.[22] The
concept of the elastic dipole will be introduced and a numerical
calculation of the interaction energy for an elastic dipole pair
will be presented. The basic principles of Brillouin Tight
scattering and Bayesian deconvolution are also discussed.

Chapter 3 describes the experimental techniques which include
an introduction to the tandem multi-pass Fabry-Perot interferometer,
experimental arrangement, sample preparations, and procedure to
measure the Brillouin spectra. Statistical and instrumental errors

are examined carefully.



In chapter 4 experimental results are presented and discussed
at length. The data are compared with the theoretical results. The
new evidence for low energy excitations in KBr:KCN is reported and
a semi-quantitatively calculation is presented.

Finally in chapter 5, results are summarized and future

experiments are suggested.



CHAPTER 2
BACKGROUND THEORY
2.1 Renormalized frequency of ng phonon

In (KBr) (KCN)X mixture systems the frequency of the ng

1-x
phonon which propagates in [110]-direction and polarizes in [001]-
direction is renormalized. In Chapter 4 we will see that the
frequency decreases with decreasing temperature, reaches a finite
minimum value and then increases with decreasing temperature. In
addition, the shape of the neutron scattering spectra[29] changes as
a function of decreasing temperature from the two peak structure to
the three peak étructure. The purpose of this section is to give a
theoretical description of these features in the framéwork of the
microscopic dynamic theory deve]oped by Michel et a].[21’22]

The CN™ ion is idealized as a dumbbell rotor lying on a Fcc
lattice of KBr. The two ends of each dumbbé]] interact with the K
ions in octahedral positions by a Born-Mayér potential. This potential
depends on the orientation of the dumbbell as well as on the center
of mass position of the dumbbell and the six surrounding K™ ions.

By expanding this potential in terms of small displacements from
equilibrium positions for all particles, a Hamiltonian with trans-
lational and rotational degrees of freedom and a coub]ing between
these motions is obtained.

The full Hamiltonian may be written as

T T R R TR

H=K +V +K +V +V (2.1)



where the first two terms represent the pure translational energy.
The third term is the kinetic energy of rotation. The orientational
potential VR describes the motion of a CN™ in a rigid octahedral
environment. Expanding this potential in terms of cubic harmonics,
one may obtain the Devonshire potential V° as a first term in this
expansion[7]_ The last term describes the translation-rotation

[21]

coupling

; Ya(Qi)V£2)(X. 4

Q>

=7 . x;)u; + 0(Y (2.2)
iJ

where Ya, with a=1-5, are Tinear combinations of spherical harmonics
Y? of order 2=2. 2; represents a polar angle of the CN™ rigid rotor.
xg and X are the equilibrium positions of the jth k" jon and the ith
CN™ ion, and U} and U; are the deviations from these equilibrium
positions, Viz) is the coupling matrix in real-space. 1 runs over
all the CN™ ions in the lattice and j runs over all six neighboring
K" positions for a given ith CN” jon. Starting from eq. (2.2) and

using Fourier transforms[Z]], one may obtain an effective orientational

interaction of the form

Core = - 3 I ¥_(R)C*¥ (R)Y ,(R) (2.3)
'E

where YQ(E) and YB(F) respresent the CN~ rotations in reciprocal
Tattice space and C**(K) is the CN” - CN” coupling matrix. The
indirect interaction between two CN* jons is mediated by lattice
deformation. One may draw ananalogy with a superconductor where the

electron-phonon interaction causes an effective electron-electron



interaction.
In order to calculate the spectral differential cross section,
the susceptibility is defined by the Fourier transform of the retarded

Green's function for operators Yao(K) and Yg(K) and written as

X (Ya,Y

aB(w)

(2.4)

1
-
Sy
8
[«
o
(D
—a
€
o
A
()
—<
Q ot
P
t
g
-
<
~
[ew]
S
-
\'4

where <> denotes the equilibrium thermal average and o and 8 run over
from 1 to 5.

Besides effective interaction, the rotating CN  experiences
the Devonshire potential Ve, Using molecular-field theory with
potential V = Veff + VO, Michel et al. found[22]

R_y R

X = X{7 =

X
s “T KT (2.5)

with
Tr(exp(-V°/T) Y ¥y, -
X = 5 (2.6)
Triexp(-V-/T)]

Tr[exp(—VO/T)Y]*YIJ
y == 5 _ (2.7)
irlexp(-V"/T)]

The relationship between the susceptibilities and orientation

relaxation matrix A is given by

A
_ _ a4
S D oo (2.8)

44
M
X

A
3 Ah
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where A44 and A]] have a characteristic temperature dependence in

[21],

three different regimes

(a) A=A for T > 100K
(b) & = aen(Z=)(and)™" for 25 < T < 100K (2.10)
(c) A = hy =0 for T < 25K

X44 and A44 are defined with fUnctlonsY4 of ng

and A]] are defined with functions Y] of Eg symmetry. From now on,

symmetry while X]]

we only consider the properties dealing with ng symmetry.

The relaxation function is given[22] by

- .1
) -5 (Xu

o8 Z) - XaB(O)] (2.17)

ol

where Xa (Z) is the elastic reorientation susceptibility given by

B
eq. (2.4). 1If one defines ¢"(w) by writing (Z=wzie, e>0):

1

@&B(w) = §?-[@a8(w+ie) - @ue(w-1e)] (2.12)
o"(w) is related to the dynamic correlation function by[22]
S,o(w) = - wll-exp(-w/T) 176" (u) (2.13)

Since the spectral differential cross section is proportional to the

SaB(w), o"(w) is the relevant quantity for the interpretation of

inelastic neutron or Brillouin scattering experiments. Later, we

will use ¢"(w) to fit our experimental data.

In KBr:KCN mixed crystal ¢" is explicitly given by[22]
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285 /(wP0)
o"(w) = (2.14)
22 r gl 2
L2 oo LY 2, A1ty
17 2,7 72
1 1
C,y$
. 2 _ 2 A
with oy = w](] - ) (2.15)
2
2 _ 2 2 _ e
By = wj - 8] = —= (2.16)
- AT
and Nty (2.17)

where § is the constant related to the eigenvalue of the effective
coupling matrix C. A is given by eq. (2.9), CA is the CN~ concentration.
Wy is the phonon frequency in pure‘kBr and w is renormalized phonon
frequency in the presence of effective orientational interaction.

The resonances of ¢"(w) are obtained by setting the denominator

of ¢"(w) zero i.e.,

2 2 wzsﬁ 1““13$
w" - (sz1 + 5 2) ¥y = 0 (2.18)
W +x] (w +x])

Solving this complex equation with the CYBER computer one may obtain
the complex w. Depending on whether the orientational relaxation A is
fast or slow in comparison tc a renormalization phonon frequency w,
eq. (2.18) leads to two different regimes:

(1) For fast relaxation, A > ow, there are only two Brillouin resonances.
When temperature decreases, the phonon frequency decreases due to

coupling becoming stronger.
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(2) For slow relaxation, Aq<us there are three resonances, Stokes
and anti-Stokes Brillouin peaks as well as a central peak. Due to
the decrease of relaxation frequency e with decreasing temperature,
the phonon will decouple with rotating CN~ ions and its frequency
will approach that in the pure kBr crystal.

The numerical results for the renormalized ng phonon

frequency with further discussions will be given in Chapter 4.

2.2 Interaction of an elastic dipole pair
In dilute (KBr‘)1__X(KCN)X systems the effective interaction

between cyanide dipoles may be neglected. CN™ ions align along

[25],

<111>-axes in the Octahedral crystal field of kBr Since there
are eight equivalent <111> directions, the CN” ground state is eight-
fold degenerate. However the CN™ wave functions are sufficiently
extensive for overlap to occur, and quantum mechanical tunneling
becoming important. Hence the ground state wi]]_be splitinto 4
tunneling states. An approximate level scheme is shown in fig. 2.1(a)
after Loidl[]8]. The energy levels are labelled according to the
irreducible representations of the octahedral group Oh' The akrows
indicates quadrupolar transitions with ng and Eg symmetries. In

this research, we focus on transitions of T2 symmetry.

g
When the concentration of CN™ ion increases, the tunneling
levels may be significantly modified by the interaction between CN~
ions. Fisher and K]ein[g] first proposed a two-dimensional model
which suggested that the KBr:CN system may produce very similar

low temperature thermal properties to those observed in amorphous



Fig. 2.1(a):

Fig. 2.1(b):

Approximate level scheme of a rigid CN~ dumbbell in an
octahedral hindering potential of kBr after Loidl et a].[]8]
The arrows indicate that there is strong coupling between these

tunneling excitations and the ng as well as E_ symmetry

g
phonons.

Scheme of a strain ellipsoid of the A-tensor after Nowick
et a].[26] Ays XZ and AS are referred to as the principal

values of the A-tensor.
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solids when strain interactions between CN™ ions are considered.
This section will present a calculation of interaction energy of a
CN™ pair based on Nowick and Hellen's theory[26]. In chapter 4
we will see that this interaction will result in new modes which
may be used to explain the low-temperature thermal properties of
KBr:KCN systems.

The concept of an "elastic dipole" is introduced by analogy
to the electric dipole. Considering the interaction energy of an

electric dipole Eé]ec with an electric field E is written as

Yatec. =~ ; uiEs (i=1,2,3) (2.19)

the interaction energy of a dumbbell shaped defect with a stress

field o may be defined by

u = - ) V.. 0.,
elas. i i i

0 ij “id

iJ
where Vij is referred to as the components of the elastic dipole.

Since Vi have dimensions of volume, it is convenient to introduce

J
the dimensionless quantity Aij by factoring out the atomic volume, Vo’
of the host crystal KBr. The interaction energy must be a scalar

and stress a tensor, hence the elastic dipole is described by a
second-rank tensor. As with any strain tensor it is possible, by

rotating the coordinates, to find orthogonal principal directions in

which the tensor only has values in diagonal elements:

14

-V Z Ais Oss (2.20) |
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200
A= 0,0
0 0 1

where the quantities SE AZ and A3 are called the principal values of
the X-tensor which basically represent the shape of the elastic dipole.
A strain ellipsoid is illustrated in fig. 2.1(b).

The given elastic dipole "sees" a strain field which has two
sources; the first is from application of an external stress field
and the other is from internal interaction with the other dipoles in
the lattice. Here we only consider interaction energy between two
nearest neighbour CN ions.

Following Nowick and He11er[26], when a defect is introduced
into the lattice, it will cause distortion. The displacement from

the equilibrium position falls off as r'z and is given by

-pk(1+
5 = BRI grag (h (2.22)

where k and v are the compressibility and Poisson's ratio of the isotropic

[26]

elastic material respectively. It can be shown
votrk = kP (2.23)

where trx is the sum of the diagonal elements of A-matrix.

The strain components Eij are defined by the relations

€.. = = (2.24)
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with i, j running from 1 to 3. Hooke's law states that for sufficiently
small deformations the strain is directly proportional to the stress,
so that the stress components are linear functions of the strain

components:

i5K1 €K1 (2.25)

The quantities C]]]]’ cees are called the elastic stiffness constants
or moduli of elasticity. Considering the symmetry in cubic system

there are only three independent stiffness constants. Inserting eq.

(2.25) into eq. (2.20) with Voigt notation:
11 -1,22+2,33+3,23~+4, 31 -5,12~+>6,
one may obtain the interaction energy of an elastic dipole pair:

U (2.26)

pair 'Voi§ A Cij €3
Substituting eqs. (2.22), (2.24) into eq. (2.26) with the

elastic constants for pure KBr, viz

1

C.i = 4.06, C,, = 0.627 and C., = 0.67 (x 10" 'dyn/cm?),

11 44 12

23

Poisson ratio = 0.14, Vo T 3.106 x 10 cm3, nearest neighbor

distance = 4.67A, A, ~ 0.038 and A

[6]

o = AB ~ 0.10 obtained by

, the interaction energy is about 5.2K.

1
ultrasonic experiments

This is only a rough calculation since the appropriate elastic
siffness constants in KBr:KCH system are unknown and also eq. (2.22)
arises from the model of a dilatational defect in an isotropic elastic

solid. However one may obtain the order of the interaction. This
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will be discussed further in chapter 4.

2.3 Brillouin light scattering

Light scattering is a well-known technique for investigating
the properties of long wavelength elementary excitations in the
condensedmatter. This field has rapidly developed since the advent
of the laser. In our experiments, we use light scattering to study

the transverse acoustic phonon in (KBr) (KCN)X mixed crystal.

1-x
As shown in Fig. 2.2(a), a high intensity incident Taser beam

is scattered by a phonon with a wavevector q and angular frequency

W The wave vector of the photon changes from'Ei to Eg and its

frequency from Wy to W « The conservation of energy and momentum

are written as

'hws = 'hwi + 'hwq— (2.27)

and

Tk, = Tk, +hq : (2.28)

where the positive sign is for an anti-Stokes enent corresponding to a
phonon annihilation while the negative sign is for a Stokes event
corresponding to a phonon emission.

Because the photon wave vectors (of order of 105 cm’]) are
small compared with the Brillouin zone dimensions (of order 108 cm—]),
information is provided only about phonons near q = 0. The process
is referred_to as Brillouin scattering, when the phonon emitted or
absorbed is acoustic, and Raman scattering, when the phonon is optical.

Since the phonon frequency is typically of order of 10-20 GHz and



Fig. 2.2(a):

Fig. 2.2(b):

Inelastic scattering of a photon of wave vector E}, with

the production (Stokes event) or the absorption (anti-Stokes
event) of a phonon of wavevector q. The scattered photon has
wavevector ?g.

Selection rule diagram for the process of fig. 2.2(a). If

k = k', the triangle is isosceles. The base of the triangle

L op ein 8
is k = 2k sin 5
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the incident photon frequency is of the order of 105 GHz, one can

safely make the assumption

w— << W=
i

Therefore w; * w_ and [E&] = ]E;]. The triangle in fig. 2.2(b) is

very nearly isosceles. It follows immediately that

a] = 2|%;| sin 3 (2.29)

where 6 1is the scattering angle.
The dispersion relation for acoustic phonons with long wave-

length is given by
= V— |qg 2.
wg = Vg lal (2.30)

where Va is the velocity of the phonon with wave vector g and frequency

vy For light propagating in the medium,

nu = Clk]| (2.31)

where n is the refractive index of the solid and C is the velocity of
light. From egns. (2.29), (2.30) and (2.31) it is easy to obtain

V w.n
wg = @ - wy = 2 2 - sin g (2.32)

which was first derived by Brillouin. The frequency ma-is determined
by the measured small change in photon frequency with high resolution
instruments such as the Fabry-Perot interferometer.

A spectrum of scattered light will show that a Stokes and

an anti-Stokes Brillouin peaks are symmetrically located about the
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Rayleigh peak and separated from it by a frequency equal to that of
an acoustic phonon. The Rayleigh peak arises from elastic scattering
due to nonpropagating entropy fluctuations or diffuse type excitations

of solidst1d,

2.4 Bayesian deconvolution

In light scattering experiments, the scattered light was
analyzed and amplified by the electronic system characterized by a
response function R(t,t'). If the relationship between the true
signal T[t] and measured spectrum M[t] is governed by a linear

differential equation of the form

n
g 4T (2.33)
0 M gth

: '
n=0 " dt" n

il ~1 8

with coefficients An and Bn being independent upon time, the system
is linear and invariant. R(t,t') can be written as R(t-t').
Physically this condition demands the resistance and capacitance do
not vary with time.

Under such a restriction, the measured signal is a convolution
of the response function and the true signal and is given by the

convolution integral
M(t) = f R(t-t')T(t')dt" (2.34)

The extraction of the T(t") by solving the above integral equation

is referred to as deconvolution which will enhance the fine structure

[14]

in the spectra
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Mathematically if T(t') is a &-function, eq. (2.33) yields
M(t) = J R(t-t')5(0) dt' = R(t) (2.35)

This result thus defines the response function to a sharp impulse.
Assuming that the incident laser beam is -a sharp impulse neglecting its
linewidth, the response function can be determined by the Rayleigh
spectral function.

In the instance of discrete spectra, the relationship between
T(t) and M(t) in the conjugate domain may be written most simply in

matrix form as

pell]

M=RT (2.36)

where R is the response matrix, and M and T are vectors.
The Bayesian deconvolution algorithm is based on the concept

of conditional probability

P(H/D) = EiPé%%TEiﬂl | (2.37)

where p(H) is the a priori probability of event H and P(H/D) the a
posteriori probability of event H in condition of given event D.

Following Kennett et al.'s work[]4] one may obtain

P(Mk/Ti)P(Ti)

k .

It is apparent that

P(T;) = g P(Ty/M) P(M,) / (2.39)
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Inserting eq. (2.38) into (2.39), one may obtain

P(M,)
] (2.40)

P(M /T, ) P(T.)
P(T;) = ) ) ; M /T;7P ET
k k
J
The term P(Ti) which appears on both sides of eq. (2.38) is the desired

solution. Since it is not easy to explicitly represent this term,

a beginning function must be estimated. An iterative formula is

given by
P(M /T.)P(M )
P (1) = plMr) 7 —K ‘T X (2.41)
. k Z P(Mk/ j)P (Tj)
T
Considering that P(T Z
J
P(M,) E———3 and P(M /T.) = Ry, (2.42)
One obtains immediately
R : M
(n+1) _ +(n) ki "k
T‘i = T‘i Z -———(-r-]-y (2.43)
K TR TS
J

where Tgn) is the estimate of Ti after n interactions.

The implementation of the algorithm is accomplished with a

(0)

computer. It is common procedure to initially set T equal to the

33] one is then faced with

measured spectrum, i.e., T° = M. As notedt
a very significant running time if the high quality deconvolution with

large interation index n is needed.
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In order to reduce the running time, one may assume a horentzian
profile as the starting function whose linewidth is determined by an
optimizing subprogram. In this way the iteration cycles are reduced

from many hundreds to less than fifty[33’34].

A BASIC program in the
Nova computer requires 2 hrs to finish 30 iterations with 200 data
channels. For deconvolution process in wide spectral range such as

400 data channels, a FORTRAN program in an Osborne Computer was needed
and its running time was 80 mins. for 30 cycles. For both programs,

a Lorentzian function was used as the zeroth iteration, Of course,

it did not restrict subsequent iteration results.



CHAPTER 3
EXPERIMENTAL TECHNIQUES
3.1 Tandem Multi-pass Fabry-Perot Interferometer (TMFPI)
The multiple-beam interferometer first constructed by C.

Fabry and A. Perot in the late eighteen hundreds is a spectroscopic
device of extremely high resolving power. It consists of two plane,
parallel and highly reflecting mirrors separated by some distancevd.
A Targe number of multiply internally reflected réys are generated
and result in multiple beam interference which distributes according

[11]

to an Airy formula

>(3.1)

]
iR > sinz-%
(1-R)

where I(t) and I(i) are the transmitted and incident light intensities

respectively, A is the absorption coefficient of the mirror, R is the

reflectivity and § is a phase angle between successive reflections.
From the Airy formula it is easy to obtain the constructive

interference condition

_ mx
¢=m (3.2)

where m is integer and X is the wavelength of the incident beam.

The contrast of the fringes is expressed by

15
C = 1%“?)( = (¢ (3.3)
min

24
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For R ~ 90%, C is on the order of a hundred. To permit frequency
scanning, one of the mirrors is rigidly held while the other mirror
is moved by means of piezoelectric stacks. A high voltage ramp
applied to these stacks then physically changes the distance (d)
between the mirrors, the rate of which is determined by the time period
of the ramp.

The frequency separation between two neighbouring Rayleigh

peaks is called the free spectral range (FSR) which is given by

FSR =-%— (3.4)

where C is the velocity of light. The full width at half maximum
(FWHM) of the Rayleigh peak, év, and free spectral range are related
to another important parameter, F, which is referred to as the finesse and

is given by

FSR

Sv

F = (3.5)

The major factors which 1imit the finesse are the reflectivity,
parallelism and flatness of the mirrors. The limitation cdn.also be
caused by the external optics, pinholes etc. In our experiments, F
is about 46050, |

Usually the Brillouin peaks have very low level count rates
(~20 counts/min) and therefore one requires an extremely high con-

trast factor (108m10]2).

This demand can be satisfied by using a multi-
passed interferometer in which the peak transmission and contrast will

be the product of those for single interferometer; i.e.
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18 = 9P, 6 - redf (3.6)

where p is the number of passes. In a multi-pass system, the light
beam passes through a single interferometer several times by using
corner cubes at opposite ends of the ihterferometer.

The particular value of a tandem multi-pass Fabry-Perot inter-
ferometer (TMFPI) arises from the fact that besides increasing contrast
of the spectra, it also serves to overcome the order ambiguity of a
single 1nterferometer[]7’30].

The scanning stage of TMFPI is shown in fig. 3.1. The scanning
mirrors of two interferometers are mounted on the same scanning stage to

obtain both stationary and dynamically stable synchronization. The

spacing of the two interferometers satisfies
d, = dycosa (3.7)

The first interferometer of spacing d] transmits wavelengths
Zd]
Al:ﬁT_ for integral my (3.8)
while the second interferometer of spacing d2 transmits wavelengths
2d2
Ap = —— for integral m (3.9)
m,, 2
Only if A]?AZ will light be transmitted through the tandem‘combination.
Therefore the FSR of the TMFRI is increased by about a factor of 20
over that of the single interferometer if offset angle o is 18°.

Elimination of neighboring interference orders in a tandem arrangement

is shown in fig. 3.2. Only ghosts of neighboring orders remain.



Fig. 3.1: A diagram of a translation stage designed to automatically
synchronise the scans of two interferometers after Sandercock[30].
d1 and d2 are spacings of FP1 and FP2 respectively. o is the
offset angle,
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Fig. 3.2: Scheme of elimination of neighboring interference orders in a

tandem arrangement after Sandercock[BO]. Only ghosts of

neighboring orders remain.
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3.2 Experimental arrangement

A block diagram of the experimental apparaéus is shown in
fig. 3.3. The 1ight source used is a Coherent Innova 90-3 Argon-Ion
laser whose most intense emmission is at 5145 K with an output power
of 1400 mw in multi-modes. For these experiments which require a single
mode with very narrow linewidth, the Coherent model 923 solid fused
silica etalon was installed. The typical frequency drift of the etalon
is about = 20 MHz/0.01°C. After a 25-min warm up period, the output
laser beam has an optical noise of 0.2% RMS, a frequency stability of
+ 4 MHz/sec and an intensity stability ranging + 0.5%.

The sample was mounted in a copper holder with the top surface
contacting an indium anchor and the bottom surface contacting a copper-
constantan thermocouple. A H.P. 3420B DC differential voltmeter with
sensitivity 0.1 uv was used to measure the potential across the thermo-
couple, using liquid N2 as a reference temperature.

To provide adjustable heating, a 3002, 0.5W resistor connected
with a H.P. 6218A power supply was soldered to the sample holider. The
sample and its holder were installed in an optical cryostat made by
Sulfrian Cryogenics Inc. as shown in fig. 3.4. Chamber 1 holds about
2 litres of 1iquid helium (or nitrogen) which cools the specimen by
thermal conduction through the bar (10). The specimen can be changed by
opening the 0-ring joint between (3) and (4) and the joint (15). The
cryostat has three optical glass windows on three sides separated by
90° to permit both 90° and 180° scattering angles.

To prevent sample surface deterioration, thé>cryostat was

pumped out to below 10'5 Torr with a diffusion—pump and a liquid



Fig. 3.3: Block diagram of experimental arrangement.
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Fig. 3.4:

The optical cryostat diagram 1. Liquid He 2. Liquid N2
3. Vacuum jacket 4. Vacuum shroud 5. Radiation shield

6. Window 7. Thermocouple 8. sample 9. heater resistor
10. thermoconducting bar 11. Helium pot 12. pumping valve

13. He exhaust vent 14. electric feedthrough 15. joint.
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nitrogen trap backed by a mechanical roughing pump.

The roughing pump also was used to pump on the Tiquid nitrogen
when it was necessary to obtain temperatures 1-15°K below that; of liquid
nitrogen (77.4°K). Usually the pumping speed was set so that a small
amount of current through the control heater was required to hold the
system at a given temperature for periods of time.

When very low temperatures were needed, liquid helium was
transferred into the cryostat chamber from a storage dewar through a
standard double-walled transfer tube after a precooling by liquid N2.

The light collection system involves a focussing lens, L](f/5 cm),
a collecting lens, L2 (f/5 cm), and spatia]'fi]ter consisting of two.
lenses, L3(f/15 cm), L4(f/]0 cm), and a pinhole (100 micron). Each
half of the tandem was operated in double pass for a total of four
passes. The beam Teaving the TMFPI was collected by a lens, L5(f/30),
passed through a band-pass filter F, and entered a photomultiplier.

The filter was used to reduce the inelastically scattered light arising
from fluorescence and the Raman scattering from the sample.

PMT Model FM130 made by the Electron Tube Division of ITT has

? A at a gain of 5 x 106. The photomulti-

a low dark current of 2 x 10~
plier was installed in the TE-104 chamber (Products for Research Inc.)
which provide water cooling for the tube without the requirement of
supplemental cooling materialsuch as dry ice. Cool-down time for the
photocathode was 1 to 2 hours dependent on initial heat in the system.
A1l of the optics described above are enclosed in a light tight box which

helps reduce stray light, keeps the optics free of dust and minimizes

the temperature variations in the enclosure.
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After going through an Amplifier/Discriminator, MTN model 517,
the signal was digitized with an A/D converter and its values stored
in the memory of a 16-bit computer (Nova, Data General Co.). The
computer also scanned the TMFPI and, via a D/A converter, provided
feedback to the TMFPI to maintain mirror parallelism. Using a video

interface, the spectrum was displayed on a TV monitor.

3.3 Sample preparation

The (KBr) (KCN)X mixed crystals were grown in the crystal

1-x
growth lab of the University of Utah from zone-refined KBr and KCN.

The CN™ concentrations were determined by chemical analysis with an
error of 3%. Samples were cleaved along {100} planes with a razor
blade and typically had dimensions of 0.5 c¢cm x 0.5 cm x 0.5 cm.
Scattering from a rough crystal surface produces extremely intense
reflections which may overlap and mask the Brillouin components. So in
these experiments, at least three "clean" surfaces are required for
each sample. The cleaved samples were put under vacuum quickly so

that the surfaces of the crystals would not deteriorate by exposure

to moisture in the air.

3.4 Brillouin spectra measurement

In order to measure the spectra of T2y phonons which propagate
along [110]—d1rect10nrand are polarized in [001]-direction, a 90°
scattering geometry is used. The (100) surface of the sample was
perpendicular to the incident beam and the (010) surface was perpen-

dicular to the scattered light. The incident -beam must be Tocated near
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the centre of the sample to prevent the strong surface scattering.
By adjusting the dewar position, the light transmission through the
crystal could be maximized to attenuate the surface reflections.

By carefully arranging lens L] and spatial filter, the incident
laser is focussed on the crystal and scattered 1ight is collimated
and perpendicular to mirrors of TMFPI.

Alignment of the TMFPI is very crucial in these experiments.

At first one used a weak laser beam as a reference signal and aligned
a 2-pass single interferometer with a corner cube retrorefiector;
then the 1-pass tandem was aligned; and finally, the 2-pass tandem
system. For each step one should see that a bright and symmetric
circle regularly collapsed towards the center of the circle on the
mirror as the TMFPI was scanned. Following the coarse screw
adjustments, fine correction was made by adjusting 5 potentiometers
which controlled parameters X1, Y], X2, Y2 and Az, where X], Y]

and XZ’ Y2 were used to control parallelism of FP] and FP2 respectively.
AZ is synchronisation axis, i.e. an adjustment of AZFWT]] allow FP2
to transmit one of the orders transmitted by FP]. Therefore Az is
most critical and more time is spent on stabilizing this axis.

After aligning the TMFPI the crystal was put in position and
the spectrum should appear in a videodisplay. Then one should optimize
the whole optical system and make Brillouin peak as big as possible.
The desireable temperatures were obtained by adding liquid nitrogen
(or helium) into the cryostat. Fixing the rate of pumping and laser
output power, one can change the voltage of the heater to maintain

the temperatures.
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The dynamic stabilization of the alignment of the TMFPI was
controlled by sending correcting voltages to the piezoelectric
stacks from the computer-controlled D/A.

To improve counting efficiency in the low intensity Brillouin
region, the scan rate was four times slower in the region of the
Brillouin peaks than in the region of the Rayleigh peaks. Data of
each scan vereaccumulated in the computer to get sufficient counts.
At 1iquid N2 temperature, collecting time was about 40 min. to obtain
1000 counts.

The very intense elastic scattering was attenuated by a
“"Rayleigh filter" which moved in when a Rayleigh peak came and
moved out when a Brillouin peak came. Usually such filter is used
in 180° scattering in which elastic peaks are much stronger than those in
90° scattering.

An Osborne computer which was interfaced to the Nova computer

was used to store data and also to process deconvolution analysis.

3.5 Error Analysis
In this section experimental errors in Brillouin peak frequency
and ‘linewidth, as well as temperature meausrements will be discussed.
Experimental errors in Brillouin frequency measurement are
primarily due to uncertainty of mirror spacing of the Fabry-Perot
interferometer and Statistica1 variation of the peak centre. A clock
gauge attached to the interferometer provides the distance between

the mirrors with an accuracy +0.005 mm. For two typical free
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spectral range, 3.505 GHz (d=42.82 mm) and 7.010 GHz (d=21.40 mm),
errors are about +#0.004 GHz and +0.002 GHz respectively. There may
be an error in calibration of the clock gauge; however, it is a
systematic error. After a warm-up period, the fluctuation in laser
frequency is within 4 MHz. Therefore total error in phonon frequency
measurements is rough 10 MHz.

Under conditiohs of constant laser output, the desired
temperature was obtained by controling a heater and/or the pumping
rate. The Copper-Constantan thermocouple was calibrated from 1.5K
to 300K in units of microvolts. By setting the selection knob in the
most sensible range, the differential voltmeter can be read within
0.1 pv which corresponded to ~0.02K of deviation in temperature.

In fact, because of the slow response of sample temperature to

heat adjustments, the fluctuation in voltage was about #1 uv at

low temperatures and about #8 pv at high temperatures, corresponding
to an error of 0.6K around 20°K and an error of 0.3K around 77°K
respectively.

A more serious error in temperature measurements comes from
local laser heating. Because of the poor thermal conductivity of
(KBr)]_X(KCN)X, there was a temperature gradient between the scattering
volume and the sample surface which was in contact with the thermo-
couple. In order to decrease laser heating, one should make the
laser power as low as practically possible. However, lowering laser
power resulted in a decrease in the intensity of scattered light, it
is necessary to compromise between the need to minimize local heating

and have sufficient signal intensity. At 400 mw laser power, it was
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estimated that there was a temperature difference of several degrees
at very low temperatures and 1 degree around nitrogen temperature.
Near room temperature, local heating can be neglected. The syste-
matic error mainly arose from the calibration of the thermocouple.

For a reliable linewidth measurement, it is necessary to
obtain sufficient counts in the Brillouin peak. According to the
arguments of Walton et a].[36] a rule of thumb is that a difference
in counts between the Brillouin peak and the Rayleigh peak, which is
normalized to the Brillouin peak height, should be greater than the
square root of the counts in the Brillouin Tine. In our experiments
the counts for each Brillouin peak were over 1000 and satisfied the
above criterion very well.

The Tinewidth is determined by fitting the Brillouin peak
using the convolution of a Lorentzian function with the Rayleigh
peak. From run to run, the finesse varied roughly from 46 to 50

so the linewidth measurements are accurate within =15 MHz.



CHAPTER 4
RESULTS AND DISCUSéION
4.1 Anomalies in phonon frequency and Tinewidth
Brillouin spectra were taken using the 90°-scattering geometry
described in chapter 3. The temperature dependence of the frequency
of ng symmetry acoustic phonon is shown in Fig. 4.1 for several

different CN~ concentrations of (KBr) (KCN)X. The phonon frequency

1-x
decreased as the crystals were cooled down until a freezing temperature
Tf was reached; it increased on further cooling. When the CN~
cohcentration decreased, the shape of the frequency minimum broadened
and the position of the minimum moved to lower temperature. The
freezing temperature Tf is illustrated in Fig., 4.2 as a function of
mole fraction of the cyanide ions and it decreased as CN™ concentration
decreased.

These results are similar to the data taken by Satija et
a].[3]] The main difference is in the values of Tf at different
concentrations. This may be due to: (1) position of the thermocouple,
(2) different localized heating effects at different laser powers,
and (3) fluctuation of the CN™ concentration of samples. The possible
experimental error in frequency and temperature measurements are
analyzed in chapter 3.

The full-width at half-maximum (FWHM) of the transverse phonon
was obtained by convoluting a Lorentzian curve with the instrumental

function and fitting this to the measured Brillouin line, using an

38



Fig. 4.1: The temperature dependence of the ng phonon frequency in
(KBY‘)]_X(KCN)X with x=0.20, 0.35 and 0.50. The solid
circles describe the experimental data and the open circles
arise from the theoretical calculation. Solid and dashed

lines are guides to the eye.
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Fig. 4.2: Plot of the freezing temperature, Tf, versus CN~ concentration.
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Fig. 4.3: The full width at half maximum of ng acoustic phonon for

(KBr) (KCN)X with x=0.2 and 0.5, plotted as a function

1-x
of the temperature. The dashed Tine is an interpolation

between 85°K and 70°K (see text).
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optimizing computer subprogram[32’34].

The results are plotted in

Fig. 4.3 versus the temperature for CN  mole fractions 0.20 and 0.50.

As the temperature decreased from room temperature the linewidth
increases until reaching a maximum value, marked by freezing temperature
Tf. When the temperature decreased further the linewidth decreased.

The freezing temperature is the same function of concentration as

that of phonon frequency. It is noted that lTinewidth varied more
dramatically than the frequency around the freezing temperature.

For x=0.5 and temperature ranging from 70K to 85K, there is a
complex spectrum consisting of the phonon and multi-modes which will
be examined later.. Hence it is difficult to identify the linewidth in
that region. FWHM was obtained by interpolation from data above and
below the transition temperaturé.

It is interesting to compare experimental data taken by
different probes which cover a very broad frequency range. These
experiments include: die]ectric[]gj (87Hz-100kHZ) , u]trasonic[]oj
(megahertz), neutron inelastic scattering[zgj (terahertz), and Brillouin
scattering (gigahertz) measurements. The freezing temperature is
plotted in fig. 4.4 as a function of the logarithm of the measuring

probe frequency at a concentration of 0.5. The solid circle points

.09l p. [0l

are taken from Loidl et a , the square point from Garland et a
the open circle point from Rowe et a].[29], and the open triangle
data comes from our measurements. The sample in Garland's group has
49% CN™ and the samples in the other three groups are claimed to have
50% CN~. There may be some fluctuations in the actual concentration,

which would influence the accuracy of the comparison. There also is



Fig. 4.4: The frequency dependence of the freezing temperature, Tf,
at x=0.5. The solid circle data are taken from Loidl et a].[]gj
the open circle point from Rowe et a]'[29], the open square

from Garland et a].[]o], and the open triangle point from

our measurements.
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some question as to the validity of plotting the data in this way
since the ultrasonic, Brillouin scattering and neutron scattering

measurements probe the quadrupolar susceptibility (elastic reorien-

[4,23]

tation) while the dielectric measurements probe the electric

(191

dipolar susceptibility (electric reorientations However, it

is apparent that the freezing temperature is strongly frequency

dependent and it moves to lTower temperature with lower probe frequency.

4.2 Comparison with theory

Michel's theory developed in Chapter 2 will be compared with
the experimental results in this section. At first we may present a
theoretical calculation for‘the renormalized phonon frequency.
By inserting eqs. (2.15), (2.16) and (2.17) into eq. (2.18), we
immediately obtain the phonon frequency w as a function of temperature

and concentration. Some necessary parameters are given by Michel et

a].[22] as follows:

| The transverse phonon frequency wy in pure kBr is 0.023 mev/h
w
(or J =556 GHz) which is determined by Brillouin scattering.
Zﬂ <>

Eigenvalue & of the coupling matrix C equals to 1355.6°K following

Michel et a1.[22] In order to find A_ in eq. (2.10), we used the
[37]

experimental data taken by the nuclear magnetic resonance technique

which gave A, relaxation frequency of CN~ fons, a value of 0.28 m%!
(or %;-= 68 GHz) at 100°K. The function y(T) defined in eq. (2.6)

is quite complex. According to Michel et al.'s calculation, y
increased continuously with decreasing temperature between 0.101 and

0.124 in the temperature interval 350 ~ 54°K. Due to the change of y(T)



Table 1: Calculated values of parameters and phonon frequencies as a

function of temperature for (KBr)]_x(KCN)X with x=0.20.

k) |y D | A | Y | u(eH)

x10™% x107%

300 0.104 4.79 0.497 0.97 5.29
250 0.106 4.68 0.608 0.80 5.23
230 0.107 4,62 0.609 _ 0.72 5.19
200 0.109 4.51 0.781 0.62 5.13
154 0.111 4.23 1.06 0.46 4.98
130 0.113 4.04 1.25 0.39 4.87
110 0.118 3.75 1.54 0.31 4.69
101 | 0.1186 3.61 1.68 0.29 4.60
95 0.119 3.49 1.80 0.26 4.52
90 0.120 3.38 1.91 0.23 4.46
85 0.1204 3.26 2.03 0.21 4.38
80 0.121 3.12 2.17 0.19 4.29
75 0.1216 2.96 2.33 0.16 4.18
70 0.122 2.79 2.50 0.14 4.07
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Table 1 continued

T(°K) y 2(-mﬁ—v) Bz(m%!) x(mﬁ—!) w(GHz)
x107% x107%

65 0.1227 2.58 2.71 0.12 3.92

55 0.124 2.06 3.23 0.085 3.55

41.5 | 0.125 0.956 4.33 0.040 2.72

27.5 | 0.127 1.33 3.96 0.005 3.60»

46
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Table 2: Calculated values of parameters and phonon frequencies as a
function of temperature for (KBr)]_x(KCN)X with x=0.35.
2 ,meV 2 2, meV 2 meV
T(°K) y S| D | D | uleH2)
x10™%4 x1074
300 0.104 4.42 0.870 0.97 5.08
250 0.106 4.23 1.06 0.80 4.97
230 0.107 4,12 1.17 0.72 4.91
200 0.109 3.92 1.38 0.62 4.79
154 0.11 3.43 1.86 0.46 4.49
130 0.113 3.10 2.18 0.39 4.27
110 0.118 2.60 2.69 0.31 3.91
101 0.1186 2.34 2.95 0.29 3.71
95 0.119 2.15 3.14 0.26 3.55
90 0.120 1.94 3.35 0.23 3.38
85 0.1204 1.73 3.56 0.21 3.20
80 0.121 1.49 3.79 0.19 2.97
75 0.1216 1.22 4.07 0.17 2.69
70 0.122 0.915 4.37 0.14 2.34
65 0.123 0.550 4.74 0.12 1.83




Table 2 continued

T(°K) y QZ(m%!_Z 82(9%!)2 x(mﬁy) w(GHz)
x107* x1074

55 0.124 0.369 5.66 0.085 1.53

41.5 | 0.1254 2.29 7.58 0.040 4.37

36 0.126 3.49 8.78 0.025 4.92
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Table 3: Calculated values of parameters and phonon frequencies as a
function of temperature for (KBr)]_X(KCNz<w1th x=0.50.
2, mey 2,meV 2 meV
T(°K) y 2 (F) (-) AMF) w(GHz)
x10™ x1074

300 0.104 4.05 1.24 0.97 4.86
250 0.106 3.77 1.52 0.80 4.70
230 0.107 3.62 1.67 0.72 4.60
200 0.109 3.34 1.95 0.62 4.42
154 0.111 2.64 2.65 0.46 3.93
130 0.113 2.17 3.12 0.39 3.57
110 0.118 1.44 3.85 0.31 2.91
101 0.1186 1.08 4.21 0.29 2.52
95 0.119 0.80° 4.49 0.26 2.17
90 0.120 0.51 4.78 0.23 1.73
85 0.1204 0.21 5.08 0.21 1.12
80 0.121 0.13 5.42 0.19 0.89
75 0.1216 0.52 5.81 0.16 1.77
70 0.122 0.96 6.25 0.14 2.47
65 0.123 1.48 6.77 0.12 3.01
55 0.124 2.79 8.08 0.085 4.30
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versus temperature being very small, for simplicity, values.iof y(T)
are obtained by linearly interpolating the known data y(350°K) and
y(54°K).

The calculated parameters arld phonon frequency for concen-
tratioﬁs 0.20, 0.35 and 0.50 are presented in table 1, 2, and 3
respectively. The phonon frequency versus temperature is also
illustrated in open circles in Fig. 4.1. The dashed Tine is a guide
to the eye. Theoretical phonon frequency curves have the same pattern
as the experimental ones but they vary more rapidly around the freezing
temperature. The minimum position is shifted to Tower temperature.
The Tower the concentration, the worse the agreement with the experi-
mental data.

Surprisingly if one uses theoretical parameters as fitting
parameters, the phonon lineshapes obtained by theory and experiments
agree very well. As shown in fig. 4.5, the solid line represents
the phonon peak which is taken at 53.5°K with 50% CN  sample and the
dashed Tine represents the best fitting curve which is obtained by a
calculation of a differential scattering croés section-related
quantity ¢"(w) given in eq. (2.14) with fitting parameters 9]=1.30 X

2 mev/h, R=4.18 x 10_3 mev/h, and x=0.07 mev/h which are quite

different from the theoretical parameters Q]=].75 X ]02 mev/h,
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g=2.90 x 10-2 mev/h, and x=0.07 mev/h. This set of fitting parameters
is closest to the theoretical set. The solutions of the best fit are
not unique.

Although there is guantitatively a difference between the theory

and experimental data, Michel's model may be used to qualitatively



Fig. 4.5: Comparison of two phonon peaks obtained by the Michel et al.
theory with fitting parameters (dashed Tine) and from the

experiment (solid line).
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explain the results as follows:

Near room temperature, the CN~ orientational relaxation is
extremely fast compared with the phonon frequency. Hence the Brillouin
peak is determined mainly by the "bare" phonon frequency wg - With
a decrease in temperature, the relaxation frequency will decrease.

When it becomes comparable to the phonon frequency, there is an increase
in the coupling between the translational and orientational movements.
Therefore the phonon undergoes soft-mode behavior. On further cooling,
the system is able to reach the slow relaxation case, A N wy .
Orientational CN~ ions will not follow or respond to the phonon
immediately and are gradually decoupled . from the phonon. Hence the
phonon frequency recovers from minimum values to the "bare" phonon
frequency.

When the concentration of CN~ ions decreases, the average
distance between the CN™ dipoles will increase. This results in a
decrease in the effective interaction among the CN™ ions and therefore
the freezing temperature decreases as the concentration decreases.

The inverse linewidth is proportional to the phonon lifetime
when phonon-CN~ ion coupling increases, the phonon ]ifetime becomes
shorter. Once the phonon is decoupled from the CN~ ions in the slow
relaxation regime, its lifetime will increase. This is just what
we observed in experiments. The theoretical phonon lifetime is
decided by the imaginary part of the complex phonon frequency in
Michel's theory and its value is not in agreement with the experimental

results.
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It is apparent that the freezing is not a static phenomenon,
but a relaxational one. Depending upon the probe's frequency, the
CN™ dipoles may or may not appear frozen. When CN~ ions could not
follow probe any more, the system is referred to as frozen.

In these experiments, we did not see the central peak which
supposedly appears at the freezing temperature and becomes stronger
below Tf due to collective orientational relaxation. But we did
observe an increase in the background just below the freezing
temperature. It is possible that the extremely strong Rayleigh
intensity masks the central peak, while the high background may

arise from the tail of the central peak.

4.3 Observation of low-energy excitations

For the first time, we have observed new modes superimposed on
the transverse phonon peak in KBr: KCN system. Their properties
are examined in this section.

Fig. 4.6 shows a typical spectrum taken 8 hours after the
sample with 0.5 CN concentration was cooled down to 80°K, which is 5K
below its freezing temperature. Here the free spectral range was
3.505 GHz, laser output 400 mw at 5145 Z wavelength, and the collecting
time 30 minutes. The phonon was located at 2.2 GHz and corresponded
to the highest peak in the spectrum.

In order to obtain the "true" signal, the Bayesian deconvo-
Tution algorithm developed in chapter 2 was used. Inserting measured

Brillouin peak M[x], Rayleigh peak R[x], and initial function To[x]



Fig. 4.6: Brillouin spectrum taken at 80K with a 3.505 GHz free
spectral range. The sample was held at 80K for 6 hours
before the data were collected. The collection time was

30 minutes.



54

S0S ‘€

(ZHI) AJN3ND3Y

vant

)

—| OCE!

—1 0s6t

(a8}

ALISN3ILNI



Fig. 4.7: The result of deconvoluting the instrumental function from
the spectrum in Fig. 4.6. The initial function is assumed

to be a Lorentzian profile and the number of iteration cycles

is 30.
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which was assumed to be a Lorentzian profile, into eq. (2.43), we
obtained a deconvoluted curve. The result after 30 iterations is
shown in fig. 4.7. It is clear that the deconvolution algorithm

greatly enhances the fine structure in spectrum, permitting easy

identification of the mixed components.

The new modes are strongly temperature dependent. Above
freezing temperature, no fine structure has been observed. The most
distinct multi-modes usually occur at 5°K below the freezing
temperature. This property clearly manifests that the new modes
have nothing to do with either misaligning the Fabry-Perot inter-
ferometer or some other experimental artifact.

It takes a long time for these modes to develop. A sequence
of spectra versus time is illustrated in the top curves in fig. 4.8.
They are collected at different times after a 50% CN sample reaches
80°K from above Tf. Each spectrum is deconvoluted with the instru-
mental function and the results are presented in the bottom curves
in fig. 4.8. Initially, the modes are hardly identifiable; as time
goes on they become more and more distinct. The time to reach equilibrium
becomes Tonger at lower temperatures, until it becomes impossible to
wait Tong enough to obtain well-developed modes if the crystal is
1n1t1a]]y-coo1ed from above Tf to temperature at about 15K below Tf.

The amplitude of the modes decreased with decreasing CN con-
centration. A series of deconvoluted spectra at temperatures 5K
below Tf as a function of CN—concentration-is illustrated in fig. 4.9.
At x=0.5 they appear very clear; as concentration decreases, they

become less distinct and only show some little shoulders in the



Fig. 4.8: A sequence of three spectra taken at different times after
reaching 80K. The bottom curves are the result of deconvoluting
data as shown above each curve, the zero level has been

changed for the deconvoluted data.
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Fig. 4.9: A series of phonon peaks at a temperature 5K below Tf as a

function of CN™ concentration.



Intensity (Arb. Units)

x=0.50

Line Shape
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Fig. 4.10: The ratio of the background on the low frequency side of
the Brillouin peak, B, to the intensity of the Brillouin

peak itself, I, at a temperature 5K below Tf as a function

of CN~ concentrations.
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Fig. 4.11: Deconvolution curve for the Brillouin spectrum taken at 75°K
with FSR=5.00 GHz was plotted as a solid line. Lorentzian
fitting curve plotted as a dashed line consists of the

phonon peak and the multi-modes.
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Table 4:

with x=0.5 and free spectral range 5.00 GHz.

The phonon is located at 2.64 GHz.

Lorentzian fitting parameters for the deconvolution curve of Brillouin peak taken at 70°K

Height (arb. unit)| 400 | 250 | 200 | 250 | 250 | 250 | 350 | 420 | 250 {150 70 40 | 100 [/700
Width (MHz) 180 | 180 | 180 | 180 | 180 | 180 | 224 99 90 90 | 143 |180 | 180 {493
Position (GHz) 0.62] 0.8310.95} 1.19| 1.46| 1.782.08 | 2.35|2.64|2.91} 3.27 | 3.54 ] 3.79 | 2.64

L9
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phonon peak at x=0.20. The concentration-dependent amplitude may be
roughly estimated from the change in background. Considering

different spectral intensities at different concentration, the background
B should be normalized to the intensity of the phonon peak I. The

ratio, B/I, is plotted in fig. 4.10 for a temperature 5°K below Tf,

as a function of CN concentration.

New modes have an average spacing of 250 MHz in the 0.5 CN~
sample and their number appears to be roughly equal to the number of
nearest neighbour CN”™ jons. Fig. 4.11 shows the typical spectrum as
a solid line which is the deconvolution curve of experimental data
taken at 75°K with x=0.5 and free spectral range 5.00 GHz. The dashed
1ine is the best-fitting curve which consists of Lorentzian-shaped
modes and a Lorentzian-shaped phonon peak. The fitting parameters

are 1isted in table 4.

4.4 A Possible explanation

It is well-known that the introduction of substitutional defects
into crySta]s will modify the spectrum of the elementary excifation.
Of course, for different systems, the physical origin of the modifi-
cation is different. Two examples are given as follows:

MnF, is known as an antiferromagnetic material and has basic
excitations — antiferromagnetic magnons. However in MnFZ:ZnF2
mixed system, there are extra-modes which arise from the change in
anisotropy field due to some of the nearest neighbours of a magnetic

jon Mn' being replaced with non-magnetic defect Z:+ 1on[5’35],
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In solid methane there are tunneling excitations caused by the
overlap of CH4 wave functions in adjacent wells of a rotational
' potential. If deuterated methane is doped in the CH4 crystal, similar
multi-modes will be observed[zg] due to the random replacement of
nearest neighbours with molecules of different mass, CD4, the tunnel
splitting of CH4 having thereby been changed.

Analogous to the above systems, it may be suggested that new
modes in KBr:KCN alloy arise from the modification of tunneling levels
due to interaction among CN™ dipoles. This modification will severely
influence the coupling mode of phonon-CN~ defects.

As mentioned in chapter 2, the CN™ ion lies along <111>-
directions in the octahedral potential of the KBr crystal. By quantum
mechanical tunneling, the ground state of CN™ ion will split.

Following Hetzler and Walton[]zj the tunnel splitting may be written

3/2

n = 6*C" “*exp(-C) (4.1)

where C is a dimensionless parameter proportional to the square root
of the height of the tunneling barrier, V, multiplied by the distance

between the potential well, Xo‘ i.e.
Ca VV*X (4.2)

The tunnel splitting, n is measured in k.

When CN~ concentration increases, the elastic interaction
between CN~ ions becomes significant. The interaction energy for a
nearest neighbouring CN~ pair is calculated in Chapter 2 and turns

out to be about 5K. Of course this value is an approximation due to
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the reasons given before. There is another method to estimate the
interaction energy:

Pure KCN crystals undergo the first order transition from a
cubic structure to a monoclinic structure at 168K due to the inter-
action between the CN™ ijons. The contribution to this energy from
the nearest neighbours may be obtained by dividing 168K by the Madelung
constant for a face centred cubic lattice, 1.75; and is 96K. There
are 12 nearest neighbours so the interaction energy between a pair
of nearest neighbours would be 8K, which is close to the value obtained
by Nowick et al. theory.

Considering the CN -CN~ interaction, the potential in which
the CN” ion finds itself consists of three contributions: (1) the
intrinsic barrier for an isolated ion, (2) the contribution from the
nearest neighbours, and (3) the contribution from the next nearest
neighbours and the rest of the crystal. The first is provided by
the crystal field of the host lattice and is taken to be 24K[2],
the second arises from the CN™ elastic dipole interaction and lies
between 5K and 8K for each nearest neighbour site occupied by a CN~
ion. The third is estimated by the transition temperature for pure
KCN, dividing by the Madelung constant and multiplying by 0.75, and
the concentration of CN . Here it is assumed that the crystal beyond
the nearest neighbours contributes 0.75, and the nearest neighbours 1,
to the Madelung constant for a total of 1.75. The difference between
the elastic constants of KBr and KCN is being ignored.

The largest tunnel splitting will be for an ion with no

nearest neighbour sites occupied. The contribution to the "true"
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potential beyond the nearest neighbours is 36°K for 0.5 CN~ concen-

tration. Therefore the parameter C becomes

where C0 is the value of C in the dilute crystal which will yield
the observed[12] value of n=0.62K for non-interaction between CN~
ions.

Inserting this value for C in eq. 4.1 yields a maximum
splitting of 0.3K, which is in agreement with the observed maximum
of 0.2K, considering the approximations made.

The maximum splitting will decrease with CN~ ions occupying
the nearest neighbours sites. The minimum splitting occurs if all
the nearest neighbour sites are occupied, which is observed to be
'about 0.02K. There are two possibilities to explain the shape of
the spectra: (1) new modes come directly from light which is
scattered by different modified tunnel split ground states of the
CN™ ions. The intensity is enhanced by the amplitude of the phonon
peak. (2) modeslarise from light scattered by the phbnon component
of a phonon-defect mixed mode. 1i.e. at first the phonon is coupled
with different modified tunnel levels then it interacts with the
photon.

Now we use the second possibility to explain time and
temperature-dependence of the new modes. From chapter 2, we know
that the frequency of CN reorientation decreases with decreasing

temperature. When this frequency becomes less than that of the probe
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(in this case the phonon) the system is referred to as "frozen" which
is marked by a freezing temperature Tf. Above Tf the defects reorient
faster than the phonon frequency, and any structure in the defect
states cannot be seen. Just below Tf, the defects may be considered
static and strongly couple with the phonon. Hence the phonon reveals
the tunnel splitting. Below T, it takes a longer time for the CN™
ions which tend to occupy a Tower energy configuration, to reorient.
Thus the most easily identifiable spectra only begin to appear after
about one hour 5K below the transition temperature and never appear at all at
temperatures lower than about 15K below Tf due to the very long
reorientational time required.

Finally the new modes are used to explain low temperature
thermal properties in (KBY‘)]_X(KCN)X which is similar to those in
glasses.

The experiments[8] reveal: for x<0.01 the thermal conductivity
is strongly reduced from that of pure KBr; however, as x increases
beyond 0.01 the conductivity increases and has a behavior like PMMA.
This indicates a aisappearance of the individual CN™ tunneling states.
In our model the interaction between CN™ ions in the nearest neighbours
will increase the potential barrier, which results in an increased
difficulty for CN™ jon tunneling and consequently, a decrease of
the tunnel splitting.

The spacing of these modes is uniform resulting in the uniform

density of states, which is characteristic of glasses.



CHAPTER 5
CONCLUSION

Anomalies in the transverse acoustic phonon in (KBr)]_X(KCN)X
alloy as a function of temperature with 0.2 < x £ 0.5 have been
revealed by Brillouin scattering. For a‘given concentration the
phonon frequency dips to a minimum while its linewidth reaches a
maximumat a characteristic temperature Tf which is marked by the
beginning of the formation of the orientational glass state in
(KBr)]_X(KCN). Tf is strongly frequency and concentration dependent.
It decreases with decreasing probe frequency and/or CN~ concentration.
The anomalies are qualitatively explained by transiational-orientational
coupling proposed by Michel et al. However a quantitatively calcu-
lation of the phonon frequency is not in agreement with experimental
data. Phonon lineshapes are well reproduced by the theory with
three fitting parameters. It should be noted that these parameters
are not unique.

We have observed new Tow-energy modes which are superimposed
on the phonon peak at temperatures below the freezing temperature.
These modes have an average spacing of 250 MHz in the 0.5 CN sample.
Their number appears to be roughly equal to the number of nearest
neighbour CN ions and their amplitude decreaseswith decreasing
concentration. It takes about 1 hr for these modes to develop after
cooling down from above Tf. Once the sample is raised aboye Tf, the

fine structure will disappear.
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A possible explanation suggested the initial tunneling level
of CN” are modified by interaction between CN~ dipoles. The inter-
action energy for two elastic dipole in nearest neighbouring is
calculated about 5°K based on Nowick's et al. theory. This
interaction will increase the tunneling barrier and hence decrease
the tunneling levels. Different occupation of nearest neighbour

sites corresponds to different splitting. Below Tf, the phonon
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can couple to the defect states, hence revealing the tunneling splitting.

Considering new modes are CN -CN~ interaction dependent,
a new experiment is suggested. By applying hydrostatic pressure or
the external stress to the crystal, the interatomic distance will
reduce and result in the increase of the interaction between CN -CN~

dipoles. This may influence the separation of the modes and intensity.
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